Sintered-silver is a candidate material to supplant solders for interconnects in power electronic packaging for many reasons including its desirably high electrical and thermal conductivities and compliance to Restriction of Hazardous Substances (RoHS) guidelines. The shear failure stress of interconnects though is limited by whatever constituent is the weakest, and that includes any employed plating. In the present study, silver-platings were processed electrolytically, electrolessly, and through sputter deposition and their influence on the entire "interconnect system" shear strength was examined. Test sets employing gold plating and no plating were included for comparison and to aid interpretation. Ambient-air, reflow-ovenprocessed, pressureless-sintered-silver interconnects were identically fabricated with all plating test sets. It was found that all considered silver-plating methods produced consistently strong (characteristic failure stresses > 55 MPa) sintered-silver interconnects. Because failures tended to be adhesive in all six sets, differences in failure stress among the silver-plated sets and the gold-plated or unplated sets were likely due to differences in the adhesive strength of the sintered silver with silverplating, gold-plating, or direct bonding with copper.
Introduction
Sintered-silver (Ag) has become an attractive candidate interconnect material for use in packaging of power semiconductor devices. Sintered-Ag has high electrical and thermal conductivities, good thermomechanical cycle reliability, conforms to the Restriction of Hazardous Substances (RoHS) guidelines, and has a high-temperature capability (e.g., > 200 °C).
The mechanical characterization of sintered-Ag has been a focus of many studies because of the direct link between the mechanical reliabilities of the interconnect and of the electric device constrained by it. Siow's contemporary review [1] provides a thorough background and surveys a range of reported shear strengths of 20-50 MPa using batchprocessed, sintered-Ag interconnects.
While mechanical reliability of the sintered-Ag interconnect is of course a crucial consideration for overall reliability of a power semiconductor device, it is not the sole consideration. To achieve maximum mechanical reliability, one must consider the mechanical response of the entire "interconnect system" and not just the contribution of that of the sinteredAg. This study examines the "interconnect system," defined here as the combination of the sintered-Ag, any employed plating(s) on the substrate or die, and the material(s) the plating(s) is (are) deposited onto. Therefore, the resulting shear strength of the entire interconnect system is limited by the lowest adhesive strength between all pairs of bonded constituents or the lowest cohesive strength of any of those discrete constituents; that lowest strength may not involve the sintered-Ag, and in fact, may reside with the employed plating(s).
One motivation to employ plating in interconnect systems that contain oxidation-susceptible-containing metals (e.g., This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-AC05-00OR22725 with the U.S. Department of Energy. The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government purposes. The Department of Energy will provide public access to these results of federally sponsored research in accordance with the DOE Public Access Plan (http:// energ y.gov/downl oads/doe-publi c-acces s-plan).
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copper) is to eliminate or suppress the detrimental effects on mechanical reliability caused by oxidation. While this practice has been followed for decades with solder-based interconnects, its consideration for sintered silver interconnects has occurred more recently. Chua and Siow investigated the evolution of sintered-Ag microstructure and porosity of pressureless sintered nano-Ag interconnects on bare copper (Cu) and silver-plated direct bonded copper (DBC) substrates during high-temperature exposure in air [2] . They found that the resilience of the nano-Ag interconnect to shear was dependent on the slow accumulation of interfacial Cu oxide. At a critical thickness of Cu oxide, the shear strength could be compromised from coefficient of thermal expansion (CTE) mismatches and the creation of stress-concentrating voids at the nano-Ag to Cu oxide and Cu oxide to Cu substrate interfaces. It was concluded that DBC substrates could be plated with metal coatings, such as silver and gold, to abate oxidation during sintering or real application. This notion was further observed in a study from Chua et al. [3] , where copper-nano-Ag bonds were processed at elevated temperatures in various atmospheres of nitrogen, hydrogen, and oxygen.
There are other reasons to employ plating besides minimizing the consequences of oxidation in sintered-Ag interconnect assemblies. In the same work by Chua and Siow [2] , they concluded that if sintered-Ag is deposited on Ag substrates, then a Ag-Ag interface provided for productive similarity in atomic spacing thus promoting higher initial shear strengths. Furthermore, they theorized that the use of quality Ag-nanoparticle to Ag substrate bonding could derive from high standard free energy from Ag oxide formation, which then decomposes in controlled-atmosphere sintering (95% nitrogen) to form bonds. Interconnect systems benefit from similarities in constituent CTEs because that reduces the amount of residual stresses.
There are several options of Ag-plating methods. The motivation of this study was to examine if three common ones (electrolytic, electroless, and sputter deposition), when paired with pressureless sintered-Ag (processed via reflow-oven-processing) to form an "interconnect system", would produce different shear strengths. As will be shown, their pairings all produced equivalent and high shear strengths.
Experimental approach

Sintered-Ag interconnect processing
Platings
In this study, three different plating methods were employed; electrolytic deposition, sputter or physical vapor deposition, and electroless deposition. The electrolytic process refers to electroplating and occurs when an electrical current induces the transfer of donor metal ions within an electrolytic solution to deposit onto an electrically activated substrate. Sputter coating refers to the common physical vapor deposition (PVD) process. Electroless plating refers to a chemical or auto-catalytic procedure in which a current is not applied. Review of electroless plating technology is given by Liao et al. [4] , and PVD plating in comparison to electrolytic and electroless platings is given by Navinsek et al. [5] .
Six sample sets comprised the test matrix. Images of their finish surfaces are shown in Fig. 1 and their descriptions are listed in Table 1 . Sets 1-3 had a Ag finish plating that was electrolytically, sputter (physical vapor deposition), and electroless deposited, respectively. Sets 1-2 had a preplating of electrolytic-deposited nickel and sputter-deposited titanium, respectively. The Ag-plating for Set 2 is representative of that used on semiconductor die. A population of the Agplating for Set 3 was accidentally chemically contaminated with copper during their electroless deposition, so Set 4 was added to the matrix to examine what effect (if any) such copper contamination in this Ag-plating could have on eventual shear strength. For the sake of comparison Set 5 had an electroless gold finish plating on top of a nickel immersion preplating, and Set 6 employed no plating. One commercial vendor deposited the plating for Set 1, a second performed the plating for Set 2, and a third performed the platings for Sets 3-5. Surface roughness (Ra) was measured with all sets using digital microscopy and ranged from 1.3 to 5.8 µm.
The cleaning of the substrates as part of, and in preparation of, the plating is important to the overall and final plating quality. The DBC and plating vendors provided the following information:
• Bare copper: the DBC substrates were subjected to CuCl 2 etchant, rinsed with deionizied (DI) water, rinsed with a mildly alkaline caustic solution, rinsed again with DI water, and dried. The cleaned DBC substrates were then Fig. 1 Examined platings on direct bonded copper substrates. 1: electrolytic silver finish plating (with electrolytic nickel preplating), 2: sputter-deposited silver finish plating (with sputtered titanium preplating), 3: electroless silver plating, 4: electroless silver plating (copper-contaminated), 5: electroless gold finish plating (with nickelimmersion preplating), and 6: un-plated or bare copper cladding coated with a water soluable protective coating, laser scribed to size, soaked in warm DI water to dissolve the coating, and dried with forced hot air. They were packaged in N 2 purged vacuum sealed foil bags. All samples in this study were subjected to this. • Ag electrolytic: the bare copper DBC substrates were subjected to an alkaline cleaner, DI water rinsed, microetched, DI water rinsed, rinsed with dilute HCl, DI water rinsed, and dried. Electrolytic deposition of the Ni and Ag followed.
• Ag sputter-deposited: the bare copper DBC substrates were subjected to a light RF sputter to remove ~ 20 to 60 Å of native oxide. Sputtering was then performed to deposit the Ag plating.
• Ag electroless: the bare copper DBC substrates were subjected to an alkaline soak cleaner, rinsed with DI water, micro-etched, rinsed with DI water, activated, and then Ag electroless plated. The samples remained wet throughout the entire process and are not exposed to air during it. • Au electroless: the bare copper DBC substrates were subjected to an alkaline soak cleaner, rinsed with DI water, micro-etched, rinsed with DI water, activated, and then Ni immersion and Au electroless plated. The samples remained wet throughout the entire process and are not exposed to air during it.
Pre-sinter processing
This section describes the pre-Ag-sintering processes (sequential printing, contact-drying, and consolidation) that were used to prepare samples for 250 °C sintering using a reflow oven. All sintering occurred immediately after consolidation. Both contact-drying and sintering were done in the same laboratory and were subjected to the same ambient air conditions (23 °C and 46-47% relatively humidity).
Printing was done using a commercially available, submicron-grain Ag paste (Loctite Ablestik SSP 2020 [6, 7] , 1 Batch# 026K995195, Henkel Electronic Materials LLC, Irvine, CA) and a stencil having a 0.10 mm thickness and a 5-mm-diameter circular print (UTZ Technologies, Little Falls, NJ).
2 A circular print pad was used instead of a square or rectangular pad as it has no corners, which could act as failure limiting stress concentrators during shear loading and thus parasitically affect the measured shear failure response of the Ag-sintered interconnect. The underlayment was a 12.7 mm × 12.7 mm DBC substrate having 0.3-mmthick copper claddings on a 0.6-mm-thick aluminum oxide ceramic. The copper cladding surface of these DBC substrates were then further prepared according to the six plating sets listed in Table 1 .
Contact-drying of the wet, printed Ag paste was completed at 55 °C for 8 min in ambient air. That combination of drying temperature and time was identified as providing a suitable compromise of (1) sufficient removal of the paste's solvent, (2) tackiness for wet-adherence to the substrate, and (3) stiffness, so that the Ag print shape exhibited less than 5% dimensional changes during its room-temperature compressive setting. A hot plate (Quick870, Madell Technology Corporation, Ontario, CA) was used to produce the contact heating for this drying method, and its surface temperature (55 °C) was measured using an external K-type None un-plated copper n/a n/a 2.3 1 Certain commercial materials or equipment are identified in this paper to adequately describe the experimental procedure. This does not imply their endorsement by the Oak Ridge National Laboratory, UT-Battelle, the US Department of Energy, nor Oak Ridge Associated Universities nor that these materials and equipment are necessarily the best choices for these purposes. 2 The composition of the utilized Ag paste is reported in its Safety Data Sheet [6] as follows: 60-100% silver, 1-5% butyl diethylene glycol acetate, and 1-5% 1,1′-oxydipropan-2-ol.
3
thermocouple. 3 A detailed description of this contact-drying heating method is provided by Wereszczak et al. [8] . When this contact-drying method is used, different thermal processing cycles are not necessary for different sizes of prints -unlike that reportedly needed by Chen et al. [9] .
A DBC substrate sandwich specimen (see Fig. 2 ), comprised of two DBC substrates and the contact-dried Ag-print, was then formed or consolidated with the aid of an alignment fixture that promoted concentricity during both the dried-paste setting and follow-on sintering process steps. These DBC substrate sandwiches were used in this study because they can mechanically withstand the application of the high-contact-loads that are potentially needed to cause shear failure of the 5-mm-diameter sintered-Ag interconnect. A 11-kPa compressive stress 4 was then applied for 3 s onto the consolidated DBC substrate sandwich to set the contactdried Ag print against both DBC substrates; this action is analogous to the setting force associated with a pick-andplace operation.
Reflow-oven sintering
A four-zone, convection-type reflow oven (Sikama FALCON 5/C, Sikama International Inc., Santa Barbara, CA) was used to sinter at least 8 of the contact-dried DBC substrate sandwiches for each of the 6 sets. Sintering was done in ambient air (23 °C and 46-47% relatively humidity). The target (and programmed) temperatures of the four oven zones were 75 °C (75 °C), 100 °C (75 °C), 250 °C (258 °C), and 250 °C (258 °C). The second zone temperature was influenced by the adjacent (and hotter) third zone, so a target temperature of 100 °C was achieved with only a 75 °C programmed setpoint. Independent thermocouple measurements were used to confirm temperatures. The specimens were dwelled in each zone for 30 min. Additional details of this employed reflow oven processing method is described elsewhere [10] . Schematics of a sintered DBC substrate sandwich and its cross-sectional architecture are shown in Fig. 3 , and the schematic side views for each interconnect system are shown in Fig. 4 .
A final, nominal sintered-Ag thickness of 90 µm was consistently produced which was more than an order of magnitude larger than the measured surface roughness of all the plated or un-plated DBC substrate samples.
Mechanical evaluation
Destructive mechanical testing of the DBC substrate sandwiches was performed using a commercial shear tester (4000 Bondtester, Nordson Dage, Fremont, CA) to determine the maximum shear stress at failure of all specimens. Load cell calibration was confirmed pre-and post-testing. All testing was done at room temperature. The substrate that had been printed on was gripped using a stationary vice fixture while a shear testing tool horizontally contacted the mated substrate. A schematic of this is shown in Fig. 5 . The bottom of the shear testing tool was positioned at a height aligned with the bottom of the aluminum oxide substrate within the top DBC substrate. The tool had a 15-mm-width and passively rotated and aligned itself against the specimen under a light compressive force. For the testing, horizontal loading then occurred using a constant displacement rate of 25 µm/s until fracture occurred. The force at failure was recorded for each specimen.
Each specimen's maximum shear stress at failure, τ max , was then calculated using the combination of the moment of inertia of a circle (i.e., the printed sintered-Ag pad shape) and the expression for maximum shear stress [11] or:
where P max is the recorded failure force, ν is the Poisson's ratio of the sintered-Ag (taken as 0.15 here for 50%
(1) max = P max (3 + 2 ) 2 (1 + )r 2 porous sintered silver [12] ), and r is the circular print-pad's radius. The nominal print radius was 2.5 mm; however, its dimension was post-test measured for each specimen and that value was used to calculate τ max . The maximum stress calculated using Eq. 1 is 7.6% larger than the average stress calculated using the classical beam equation for shear and a circular shape (i.e., τ = 4P max /3πr 2 ). Equation 1 and its calculation of τ max are preferentially used in this study because the Poisson's effect is not considered in the classical beam equation and failure initiation occurs from a maximum applied stress and not an average applied stress [13] . If this is not considered, then the classical beam equation for average shear stress at failure is 7.6% too low. The maximum shear failure stresses calculated from Eq. 1 for each of the test sets were fitted with a two-parameter Weibull distribution using maximum likelihood estimation as well as a Gaussian distribution using commercially available software (WeibPar, Connecticut Reserve Technologies, Gates Mills, OH).
Results and discussion
The shear failure stress Weibull distributions for the six test sets are graphically portrayed in Figs. 6 and 7 and the values of their Weibull and Gaussian statistical parameters are listed in Table 2 .
The characteristic maximum shear strengths of the four Ag-plated sets ranged from 55 to 62 MPa and were statistically equivalent within 95% confidence. The weakest failure stress in any of their sets exceeded 40 MPa. From this, it can be concluded that interconnect shear strength was independent of the deposition process (electrolytically, sputter, Table 1 . Drawings are not to scale Fig. 5 Side-view schematic of the shear-testing of a DBC substrate sandwich and electroless) used to Ag-plate them when teamed with a sintered-Ag interconnect using the processing described in Sect. 2.
The Weibull modulus, plotted in Fig. 7 and listed in Table 2 for the six sets, is an indicator of the amount of scatter in each set's shear failure stress distribution. The larger the Weibull modulus value (typically a desirable situation), the less the scatter in the distribution. The scatter in such a distribution can be an indicator of the repeatability of sample processing and mechanical testing itself too. Within 95% confidence as shown in Fig. 7 , the Weibull modulus was equivalent for nearly all the sets with the possible exception of Set 4. That equivalency suggests that the silver-sintered interconnects were consistently processed using the described methods.
Maximum shear failure stress trended with the metal that the sintered-Ag interconnect was bonded to. The Ag-plating sets were ~ 50% stronger than the Au-plating set (~ 37 MPa) and ~ 100% higher than the bare copper set (~ 27 MPa).
The measured relatively high maximum shear strengths (i.e., shear strengths from pressureless sintering equivalent to shear strengths from pressure-assisted sintering) in this study were a consequence of several factors. First, the employment of a circular interconnect results in there being no (parasitic) stress concentrations existing that are associated with corners in square or rectangular interconnects; such stress concentrations reduce the amount of maximum shear that an interconnect system can achieve. Nearly all (or all) other studies involving shear testing of sintered silver interconnects have square or rectangular interconnects so there is a likelihood their measured failure stresses would have been larger if circular interconnects had been used instead. Second, the unidirectionally-activated shear testing of circular interconnects are largely insusceptible to parasitic misalignment effects such as those that can occur The characteristic maximum failure stresses were equivalent for the Ag-plating sets but higher than those for the Au-plated and un-plated sets Table 2 Values of two-parameter Weibull and Gaussian distributions for the measured maximum shear failure stress of the six test sets Weibull modulus is a skewed distribution, and its characteristic stress is the stress at a probability of failure (P f ) = 63.2% whereas the Gaussian distribution is a symmetric distribution and the average stress is the stress at a P f = 50%; therefore, the characteristic stress always larger valued than the average stress. Weibull values are from maximum likelihood estimation analysis and are unbiased when testing square or rectangular interconnects. Such a misalignment can superimpose torsion, and if its contribution is sufficiently large, then the net effect of that will be a lower measured shear strength. Such torsion should be zero or negligible when shear testing a circular interconnect. Third, addressing the Poisson's effect (i.e., Eq. 1) and calculating the maximum shear stress at failure (versus calculating the average stress at failure) results in a higher shear stress too. This is the case for a circular interconnect, but it also is an effect that also exists for square or rectangular interconnects [13] . If pressure-assisted sintered-Ag interconnects were processed in circular shapes, and if the Poisson's effect were addressed according to Eq. 1, then their resulting shear strengths would be higher too. The intent of this examination was to measure the shear strength of interconnects and to avoid geometry-related parasitics compromising their measurements; an outcome of that was relatively high shear strength values resulted.
Copper contamination of the electroless Ag-plating did not appear to affect bonding in context to maximum shear strength. The shear strengths of the interconnects with the uncontaminated electroless Ag-plating (Set 3) were equivalent to those of the Cu-contaminated electroless Ag-plating (Set 4). Such a contamination should not be an acceptable occurrence, but the apparent robustness and forgiveness of the electroless Ag-plating to still bond well with sintered-Ag despite that contamination is an encouraging observation.
Despite the characteristic maximum shear failure stress for the Au-plating being only two-thirds that of the Agplating sets, its value (~ 37 MPa) was still relatively high. Nonetheless, under the employed processing conditions, the four sintered-Ag plating sets were all stronger.
The higher shear failure stresses for Sets 1-5 compared to that of un-plated copper (Set 6) show the strengthening effect on the interconnect system that resulted from using noble-metal plating with sintered-Ag (when the sintering is conducted in ambient air). The characteristic shear failure stress of the unplated or bare copper was large (~ 27 MPa) despite the sintering being conducted in ambient air and there being a driving force for it to oxidize. Li et al. [14] recently reported interesting and relatively high shear strengths of a developmental sintered silver bonded to copper; however, while encouraging, only three shear tests were conducted per condition and little supportive information was divulged about the macro-fracture characteristics for the reader to interpret, so additional testing would be warranted.
The achieved failure stresses for Sets 1-5 in this study compare very favorably with literature reported values for other sintered-Ag systems and platings [1, 2, [15] [16] [17] [18] [19] [20] [21] . This is evident upon comparison of this study's failure stresses (> 37 MPa) shown in Table 2 with those of other studies listed in Table 3 (43 MPa largest value). The 7.6% higher stress calculated from Eq. 1 (compared to an imposed average stress) is not sufficient enough to change that comparison, so the present study's use of a circularly-shaped interconnect pad likely contributed to their higher achieved values too.
The present study's τ max values also compare favorably with those of some examples of solder-based interconnects. Knoerr et al. [22] There was no observable correlation between the measured surface roughness of the plating sets and their corresponding characteristic maximum shear failure stresses. This may be due to the employed sinterable silver paste having a sub-micron particle size and the measured surface roughnesses being at least an order of magnitude larger; however, shear strength of sintered-Ag interconnects can be dependent on surface roughness in circumstances where the roughness is insufficiently small [12] . The four Agplating sets had the finest (1.3 µm) and coarsest (5.8 µm) surface roughness among all the sets, yet their characteristic maximum shear strengths were equivalent. Siow [1] discussed roughness effects on shear strength in context to diffusion; however, it is reasonable to conclude this is a complex issue and that any effect of roughness on overall shear strength is just one contributing factor, and the present Authors concur that more study on this effect is needed. The characteristic maximum shear failure stresses of the Au-plated and bare-copper sets were one-third and [21] two-thirds lower than that of the four Ag-plated sets yet their surface roughness's were within the range of the surface roughness's of the four Ag-plated sets. There was not an observable correlation between the characteristic maximum shear failure stress and the location of where failure had occurred in these six sets. The mating fracture surfaces of representative specimens from each of the six sets are shown in Fig. 8 . These specific specimens were chosen because their maximum shear failure stress was closest to their set's Weibull distribution's characteristic maximum shear failure stress. Complementary portions of the sintered-Ag interconnect were typically bonded to both fracture surfaces for these sets and are denoted by "sintered silver" (SS) in Fig. 8 .
Adhesive failure between the sintered silver and the plated or unplated surface for all six sets (i.e., adhesive failures) was typical. This indicates that the cohesive strength of the sintered silver interconnect was higher being the fracture path was not located within it. Microstructures illustrating that are shown in Fig. 9 comparing the fracture surfaces of the sintered silver and the plated or unplated surface it was bonded to prior to fracture from shear testing.
From these failure surface inspections given the abovedescribed materials systems and processing, it may be Fig. 8 Comparison of mating fracture surfaces of specimens that failed at a shear stress closest to each set's characteristic strength. Failures were adhesive for all. The portions of the sintered-silver (SS) on the fracture surfaces are identified with arrows. The SS interconnect diameter for all tests had a nominal diameter of 5 mm Fig. 9 Differences in the microstructures on the mating fracture surfaces illustrate the adhesive failures that resulted from the shear testing. The porous microstructure of the sintered-silver (SS) is different than the microstructure of the bonded plated (Sets 1-5) and unplated (Set 6) surfaces they were bonded to logically concluded that the adhesive strength of the sintered-Ag:un-plated copper pair is lower than the adhesive strength of sintered-Ag:plated-Au which in turn is lower than the adhesive strength of investigated four sintered-Ag:platedAg sets. The authors are unable to confidently explain why the Au-plate set was one-third weaker than the four Agplated sets based on failure location trends alone. The CTE mismatch differences from bonded Au and Ag layers (and associated residual stresses) as well as chemical bonding between the Au and Ag were obviously unique to the Auplated set. These factors with their associated compromises could have contributed to the Au-plated set being weaker or perhaps affected the cohesive failure of the sintered-Ag layer bonded to the Au-plating. Chua and Siow [2] showed Ag to Ag bonding promoted higher initial shear strengths, so this lower strength of the Au-plated set is consistent with their finding.
Conclusions
Large-valued (> 55 MPa) characteristic shear failure stresses of ambient-air-processed sintered-silver interconnects were achieved with the use of electrolytic, sputter-coated, and electroless silver platings. The weakest failure stress in any of their sets exceeded 40 MPa. The characteristic maximum shear failure stress of all these silver-plating sintered-silver interconnect systems was larger than the investigated goldplating sintered-silver interconnects.
The logic of the use of noble-metal plating in ambientair-processed sintered-silver interconnect systems was wellillustrated by their interconnect systems having shear failure stresses that were larger than an interconnect system employing no plating. The silver-plating and the gold-plating interconnect systems were about 2× and 1.3× stronger, respectively, than the interconnect system without a plating.
